Abstract
The peritoneal stromal tissue which provides a rich source of growth factors and chemokines is a favorable environment for tumor proliferation. The pathophysiological mechanism of peritoneal carcinomatosis is an individual sequence consisting of genetic and environmental factors and remains controversial. The natural history of the disease reveals a poor median prognosis of approximately 6 mo; however aggressive surgery and multimodal treatment options can improve oncologic outcomes. Considering peritoneal carcinomatosis as though it is a locoregional disease but not a metastatic process, cytoreductive surgery and and intraperitoneal chemotherapy has been a curative option during recent years. Cytoreductive surgery implies a series of visceral resections and peritonectomy procedures. Although the aim of cytoreductive surgery is to eliminate all macroscopic disease, viable tumor cells may remain in the peritoneal cavity. At that point, intraperitoneal chemotherapy can extend the macroscopic disease elimination to microscopic disease elimination. The successful treatment of peritoneal carcinomatosis requires a comprehensive management plan including proper patient selection, complete resection of all visible disease, perioperative intraperitoneal chemotherapy and postoperative systemic chemotherapy. Surgical and oncologic outcomes are strictly associated with extent of the tumor, completeness of cytoreduction and patientrelated factors as well as multidisciplinary management and experience of the surgical team. In this review, pathophysiology and current management of peritoneal carcinomatosis originating from gastrointestinal tumors are discussed according to the latest literature.
INTRODUCTION
The peritoneal surface is a failure site for patients with gastrointestinal tumors. Addition to lymphatic and hematogenous routes of dissemination, transcoelomic spread of tumor cells is a route that ends up to peritoneal carcinomatosis (PC). This condition was considered beyond curative intent treatment until cytoreductive surgery (CRS) and hyperthermic intraperitoneal chemotherapy (HIPEC) have been popularized during recent years. In this review
PATHOPHYSIOLOGY
There are two different ways to develop PC. First, via transversal growth, tumor cells can exfoliate from the primary tumor into the peritoneal cavity preoperatively (synchronous PC). Second, via intraperitoneal spread, surgical trauma can cause the release of tumor cells from transected lymph and blood vessels or by manipulation of the primary tumor (metachronous PC). Dissemination, adhesion, invasion and proliferation are crucial steps of the process from a free tumor to PC.
The most probable dissemination mechanism in gastrointestinal PC is the spontaneous exfoliation of malignant cells from T4 tumors. Independently of the mechanism, once liberated from their host tissue, tumor cells are free to disseminate around the peritoneal cavity. Several leukocyte-associated adhesion molecules such as CD44, integrin superfamily and selectins have been implicated in tumor-mesothelial interaction [1] [2] [3] . After adherence to submesothelial connective tissue, tumor cells penetrate the mesothelial monolayer and the process ending with PC begins.
The peritoneal stromal tissue, which provides a rich source of growth factors and chemokines, is a favorable environment for tumor proliferation. The effect of gravity, postoperative complications such as anastomotic leak, open surgical technique, non-curative procedures and even powdered gloves have been in charge of this pathological sequence [4] . However the pathophysiological mechanism of PC is an individual sequence which consists of genetic and environmental factors and remains controversial.
CLINICAL FEATURES, NATURAL HISTORY AND PROGNOSIS
The first studies on the natural history of non-gynecologic PC reported that 54.6% of the patients had synchronous PC where ascites (34.9%) and bowel obstruction (24.3%) were the main symptoms [5, 6] . Chu et al [5] reported the results of 100 patients (45 colorectal, 20 pancreas, 6 gastric, 4 small bowel, 2 appendix, 2 unknown primary and 21 miscellaneous) in 1989. The median survival was 6 mo for colorectal origin, 0.7 mo for pancreas origin and 1 mo for gastric origin.
The French EVOCAPE study including 370 patients (125 gastric, 118 colorectal, 58 pancreas, 4 small bowel, 3 liver, 12 pseudomyxoma, 7 mesothelioma and 43 unknown) revealed further details on the natural history of the disease [6] . The extent of PC was staged into 5 groups and 41.9% (155/370) patients presented with terminal stage disease (Stage 4). All 370 patients underwent surgery including resection of primary tumor, bypass and laparotomy with biopsy. Adjuvant systemic chemotherapy (CT) was administered to 26.2% of the patients. The mean and median overall survival were 6 mo (0.1-48) and 3.1 mo, respectively. For gastric cancer median survival was 3.1 mo. Initial pT stage, PC stage, presence of ascites and hepatic metastases were associated with overall survival. Median overall survival was 5.2 mo for colorectal origin and only the PC stage was associated with overall survival. Results for pancreatic carcinoma were very poor with a median overall survival of 1.5 mo. Presence of ascites was significantly related with survival rates in PC from pancreas origin where PC stage was not. These patients had the benefit of fluorouracil-based systemic chemotherapy, but the results were similar to those reported by Chu et al [5] a decade earlier. In 2002, Jayne et al [7] performed a retrospective analysis of 349 PC out of 3019 colorectal cancer patients. Median survival was only 7 mo and affected by the extent of PC and stage of the primary tumor. A phase Ⅲ trial by Brücher et al [8] revealed a median disease-specific survival of 12.6 mo with systemic CT in colorectal PC patients. Elias et al [9] reported improved survival to 23.9 mo in 48 patients with colorectal PC with recent systemic CT protocols based on oxaliplatin or irinotecan. In another study by Franko et al [10] median survival was reported as 16.8 mo in 38 patients with colorectal PC. A retrospective analysis of 2406 colorectal cancer patients compared treatment without CT, 5-Fluorouracil only and contemporary systemic CT [11] . Out of 256 (10.6%) PC patients, 141 (5.85%) were metachronous. Contemporary systemic CT did not improve survival rates significantly (17.9 mo vs 7 mo). In the same study the independent risk factors for the development of metachronous PC were younger age (< 62 year), N2 status, T4 status and the location of the primary tumor (left colon or appendix). However, a series of non-gynecologic PC has reported very poor prognosis with palliative care alone [5] [6] [7] [8] [9] [10] [11] [12] .
CYTOREDUCTIVE SURGERY AND HYPERTHERMIC INTRAPERITONEAL

CHEMOTHERAPY
Since Sugarbaker [13] have asserted that management of PC should be performed as though it is a locoregional disease but not a metastatic process, CRS and intraperitoneal CT has been a curative option for PC patients. Cytoreductive surgery implies a series of visceral resections and peritonectomy procedures described by Sugarbaker [13] . Although the aim of CRS is to eliminate all macroscopic disease, viable tumor cells may remain in the peritoneal cavity. At that point, intraperitoneal chemotherapy extends the macroscopic disease elimination to microscopic disease elimination. By intraperitoneal administration, therapeutic concentrations in the peritoneal cavity can be reached with low doses of chemotherapeutics. This means a more effective therapy with less systemic side effects. Intraperitoneal administration of chemotherapeutics is shown to have superior phar-macokinetic activity than intravenous ways [14] . Hyperthermia, which has effects on peritoneal blood flow and the tumor microenvironment, enhances the efficiency of intraperitoneal chemotherapy [15] . Therefore, administration of intraperitoneal chemotherapy is recommended in a hyperthermic setting at 40-42 ℃ in which the thermal chemo sensitization is maximum [16] . Several techniques for HIPEC have been described [17] , however there is no sufficient evidence in the literature confirming the superiority of one technique over the others in terms of outcome, morbidity and safety. In the closed abdominal technique which we prefer in our institution, after completion of CRS and anastomoses and/or stoma, closed suction drains and temperature probes are placed through the abdominal wall and the abdomen is closed (Figure 1 ). Perfusion of the chemotherapeutics at a constant intraperitoneal temperature of 41-42 ℃ is performed with a hyperthermic perfusion system. The duration of perfusion varies by chemotherapeutic agent between 30-120 min. The theoretical advantages of this method includes quicker reach and stabilization of constant target temperature, increased penetration of chemotherapeutics with high intra-abdominal pressure, safety of staff in the operation theater and easier application than open methods. After HIPEC, temperature probes are removed and drains are left in the abdomen for 2-3 d.
Hyperthermic intraperitoneal CT is highly recommended for the treatments of PMP, colorectal PC with limited extension and peritoneal mesotheliomas and in the evaluation phase for gastric PC and ovarian PC and neuroendocrine tumors [18, 19] . The role of HIPEC in the prophylactic setting to prevent PC in patients with high risk of peritoneal metastases and the "second look" approach is promising [20] . In the treatment of sarcomatosis from GIST and small round-cell tumors, clinical trials are limited and HIPEC is not currently indicated. Cytoreductive surgery and HIPEC can be considered as a new standard of care in PC patients. There are many studies suggesting the survival benefit of CRS and HIPEC. Moreover, the lack of clinical evidence reporting better oncologic results with alternative treatment options indicates CRS and HIPEC as the only curative treatment of PC as of yet [21] .
STAGING AND PATIENT SELECTION
The successful treatment of PC requires a comprehensive management plan including proper patient selection, complete resection of all visible disease, perioperative intraperitoneal chemotherapy and postoperative systemic chemotherapy. Mesenteric root infiltration, massive involvement of retroperitoneum, massively infiltrated pancreatic capsule, expected small bowel resection for more than one-third of the whole length and unresectable liver metastases are widely accepted absolute exclusion criteria for radical CRS [8, 22] . Before final decision of radical cytoreduction, patient should be fully examined in terms of resectability of the tumor as well as perioperative risks. The reliability of radiologic findings on computed tomography, positron emission tomography and/or magnetic resonance imaging is limited for preoperative clinical staging of PC. Intraoperative staging is recommended to select proper patients for radical treatment [23] . The peritoneal carcinomatosis index (PCI) is a useful classification of disease extensity for both prognosis and operability [17, 24] . This classification system divides abdomen into 9 sectors and the small bowel into 4 more sectors. The total score is calculated according to lesion size scores of each sector (Figure 2 ). Sugarbaker [17] recommends palliative interventions for the patients with a PCI score greater than 20.
The completeness of cytoreduction (CC) score which is closely associated with PCI score is a major prognostic factor for survival in PC patients [25] . This classification responds to the need of target criteria for resectability in CRS, as R0 resection is not a realistic aim for the majority of multivisceral resections. Besides, CRS and HIPEC procedures can eliminate some microscopic disease especially in mucinous tumors, therefore the prerequisite for curative intent in PC patients is not absolute R0 resection. According to this residual tumor classification, CC-0 surgery is defined as no visible peritoneal seeding after CRS. Persisting nodules less than 0.25 cm after CRS indicates CC-1, nodules between 0.25 and 2.5 cm indicates CC-2 and nodules greater than 2.5 cm indicates CC-3. The aim of CRS and HIPEC should be complete cytoreduction which is determined as CC-0 and CC-1 [26] . The R0 resection refers to CC-0 and CC-1 status in patients with mucinous pseudomyxoma peritonei, where only CC-0 status is equivalent to R0 resection in colorectal or gastric carcinomas (Figure 3) . Patients with CC-0/CC-1 resections have significantly superior oncologic results [27, 28] . The possibility of complete cytoreduction is the major determinant for estimating potential benefits of CRS and HIPEC treatment.
Patients without signs of unresectable systemic metastases and/or mesenteric root infiltration in preoperative radiologic examination are candidates for surgical 
PERIOPERATIVE COMPLICATIONS AND MORTALITY WITH CRS AND HIPEC
Candidates for CRS and HIPEC treatment usually have the history of multiple previous operations and several cycles of CT, some of those present in a poor condition. The potential side effects of multivisceral resections and HIPEC are additional factors that make PC patients a poexploration. Diagnostic laparoscopy can give valuable information for staging almost equivalent to laparotomy. Imaging-based PCI is still considered the main staging method; however diagnostic laparoscopy allows assessment of the true PCI and a correct selection of patients who can benefit from CRS and HIPEC [22] . Palliative HIPEC for the treatment of malign ascites can be performed in the same laparoscopic session after staging [29] . . PCI: Peritoneal carcinomatosis index. tentially high-risk population. Systemic effects of HIPEC can be life-threatening after a complex and prolonged surgical procedure [30, 31] . Literature reveals an overall morbidity ranging from 12% to 56% and mortality from 0% to 12% [28, [31] [32] [33] [34] [35] . The extent of carcinomatosis and cytoreduction, age, number of resected organs and blood loss as well as the length of the operation are factors associated with increased morbidity rate [34, 35] . Particularly, infectious complications have been indicated as the leading cause of increased morbidity [36] . A standard perioperative care protocol to prevent complications is recommended for PC patients. As well as patient and tumor-related factors, the experience of the surgical team plays an important role on surgical complications. In a recent study, the significance of the learning curve in CRS and HIPEC was demonstrated and a minimum number of 200 procedures was recommended before optimization in surgical outcome [37] . However, some studies from tertiary or community care hospitals have reported morbidity and mortality rates comparable to other surgical procedures of similar extent [38] . Regarding high early and late perioperative complication rates, candidates for CRS and HIPEC should be considered as a special group of patients. As well as early surgical and infectious complications, HIPEC related toxicity and side effects which may present even after discharge from hospital, should be monitored closely [31] .
PERITONEAL CARCINOMATOSIS FROM COLORECTAL ORIGIN
Patients with colorectal cancer present with PC in approximately 10% of all cases [35] . Forty percent of patients with recurrent colorectal cancer have peritoneal metastases without other distant organ invasion to the peritoneum [39] . Half of those are synchronous PC with advanced stage of the primary tumor and the median survival rate with palliative management is very poor [6] . Despite M1 clinical stage, these patients indicate a special disease pattern considered as a locoregional disease limited to the abdominal cavity.
The first randomized trial on CRS and HIPEC revealed a 2-times shorter median survival (12.6 mo) in patients with systemic CT alone than in the CRS and HIPEC group (P = 0.03) [12] . Recent targeted therapies such as bevacizumab or cetuximab enhanced median survival by 3 to 6 mo [40] . Modern CT agents have prolonged median survival up to 19 mo in patients with synchronous colorectal PC; however the results of systemic CT alone is still poorer than CRS and HIPEC treatment [41] . The success of CRS and HIPEC in PC from colorectal carcinoma is strongly related with the clinical status of the patient and resectability [42] . Completeness of cytoreduction and PCI scores are quantitative prognostic indicators of long-term results [8] . A French multicenter study, including 523 patients, revealed that patients who were not amenable to complete cytoreduction have similar median survival (9 mo) with systemic CT alone [42] . In another study of 43 patients with unresectable PC reported that R2 resection resulted in a median survival of only 6.3 mo [43] . The results of the Erlangen group also confirmed that an incomplete resection does not afford any benefit in colorectal PC [44] . However, complete cytoreduction can be achieved in approximately 80% of the patients [42] . A comparative study questioning the effect of HIPEC on survival reported that 5-year overall survival was significantly superior in patients who underwent complete cytoreduction and HIPEC than the patients in complete cytoreduction alone group (51% vs 13%) [9] . Median survival of 523 patients treated with CRS and HIPEC in a French study was 33 mo [42] . In their prospective study, Quenet et al [45] obtained 42% 5-year overall survival in 143 patients after CRS and HIPEC with oxaliplatin. In this series, definitive cure was achieved in 16% of the patients who survived more than 5 years. Improved survival of HIPEC was shown by some other studies [46, 47] . A meta-analysis of 47 studies on CRS and HIPEC in PC of colorectal origin showed that CRS plus HIPEC had a statistically significant survival benefit over control groups [48] . Some large series are summarized in Table 1 .
Currently, there are two main approaches to HIPEC in colorectal PC: The use of mytomycin C for 60-90 min at 41 ℃ and oxaliplatin for 30 min at 43 ℃. In the literature results on survival and morbidity in HIPEC series for the two agents are comparable [49] . Currently, the absolute contraindications for CRS and HIPEC in colorectal PC are poor general status, the presence of extraabdominal metastases and > 3 liver metastases [50] . Resection of < 4 liver metastases can be performed [50, 51] . For determining clear indications and Verwaal et al [12] Randomized 105 NA HIPEC 21.6 22.3 Glehen et al [47] Retrospective 506 53.5% HIPEC/EPIC 53.0 19.2 Levine et al [46] Retrospective contraindications, more randomized trials are needed. However, the use of HIPEC in prophylaxis has emerged recently. The argument that early PC cannot be detected with clinical, biological or radiologic signs revealed the necessity of defining some high risk criteria for metachronous PC. Management of high risk patients includes close follow up and a planned "second look" surgery. Elias et al [52] described a high risk population as completely resected primary tumor and a few synchronous nodules, ovarian metastasis and perforated primary tumor. They recommended adjuvant systemic chemotherapy for 6 mo after prior surgery and a second look surgery at the end of the first year. Sugarbaker [20] has also developed an algorithm for the management of high risk patients. He stated that high risk patients should have second look surgery immediately in case of any suspicious findings in physical examination, computed tomography or CEA levels. Independently of symptoms and findings during the follow up, he recommends planned laparotomy at the end of the first year for asymptomatic patients. If second look exploration reveals any recurrent disease CRS and HIPEC is performed, where omentectomy, oophorectomy and HIPEC is recommended in patients without recurrence.
PERITONEAL CARCINOMATOSIS FROM APPENDICEAL ORIGIN
The terminology "pseudomyxoma peritonei" refers to a syndrome which characterized with gelatinous ascites and peritoneal implants secreting mucin and commonly used for PC originating from appendiceal tumors. Treatment of PC from appendiceal origin with CRS and intraperitoneal CT was first described by the Basingstoke group in 1987 [53] . This management which enhanced survival from months to decades can be accepted as a revolution for the treatment. There are three widely accepted types of PMP which Ronnett et al [54] reported significantly different prognosis for each; disseminated peritoneal adenomucinosis (DPAM), peritoneal mucinous carcinomatosis (PMCA) and PMCA with intermediate or discordant features. In this study the most significant prognostic factor was achieving CC-0/CC-1 cytoreduction. Similar results with an overall 10-year survival in patients who underwent CC-0/CC-1 CRS were reported by Deraco et al [55] . The 10-year overall survival rate was 67% in patients with DPAM and 40.7% in patients with PMCA. A new classification of PC from appendiceal cancer tiers patients into two groups regarding histopathological features. According to Wake Forest Classification cases formerly classified as DPAM, well differentiated mucinous carcinomatosis and low-grade mucinous appendiceal neoplasms are named "low-grade mucinous carcinoma peritonei", while moderately or poorly differentiated adenocarcinomas, PMCA and cases with signet-ring cell component are classified as high-grade mucinous carcinoma peritonei [56] . In a retrospective study including 134 patients treated with CRS and HIPEC 5-year overall survival rates were 62.5% for low-grade and 37.7% for high-grade mucinous carcinoma peritonei [57] . In subgroup analysis of high grade mucinous patients who underwent complete CRS, 5-year overall survival of patients with PCI > 20 was poorer (45% vs 66%). The results of 301 patients treated with CRS and HIPEC was reported by a multi-institutional European study, the 5-year disease free survival rate was 56% [58] . A multi-institutional retrospective analysis of 2296 patients from 16 centers revealed a 10-year overall survival of 63%, a median overall survival of 196 mo and a median disease free survival of 98 mo. In this trial, mean PCI was 20 and 83% of the procedures achieved CC-0/CC-1 CRS. Perioperative mortality and major morbidity rates were 2% and 24%, respectively. Previous CT, major complications, CC-2/CC-3 CRS, age were found as independent prognostic factors for overall survival, while CRS without HIPEC and high PCI score were negative prognostic factors for disease free survival in addition to the factors stated above [59] . Tumor markers such as CEA, CA-19-9 and CA-125 were shown as predictors of incomplete CRS and valuable prognostic factors in several studies [60, 61] . Nodal involvement also has prognostic significance but does not refer a contra-indication if complete CRS is possible [62] . Eligibility for CRS and HIPEC can be determined by contrast-enhanced computed tomography [63] . The probability of incomplete resection is 88% for patients who have segmental obstruction of small bowel or tumor nodules greater than 5 cm on the small bowel in radiology, while complete CRS can be achieved in 92% of those without these radiologic findings [64] . Patients with ECOG performance score 2 and 3 have poorer survival compared to patients with ECOG score 1 [65] , however poor performance is not an absolute contra-indication for surgery. The role of laparoscopy in staging is controversial [63] . On the contrary, with other origins high PCI score is not an exclusion criterion for PMP, however tumor grade, age, mesenteric invasion and liver metastases should be considered together with PCI.
Currently, quantitative prognostic factors for PC from appendiceal origin are histopathological type, complete CRS and tumor markers. High-grade nonmucinous appendiceal primaries such as appendiceal adenocarcinoma, goblet cell and carcinoid tumors have less benefit from CRS and HIPEC with a 3-year overall survival of 15% [66] . Complete cytoreduction and HIPEC is the standard of care in PMP. Unlike other gastrointestinal primaries of PC, resection of all peritoneal surfaces is highly recommended [67] ; however this issue is controversial due to the lack of randomized trials comparing limited and complete peritonectomy in PMP.
PERITONEAL CARCINOMATOSIS FROM GASTRIC ORIGIN
Peritoneal metastasis is present in 5%-30% of the patients undergoing potentially curative surgery for gastric cancer [68] . Unlike the position with distant metastasis of gastric cancer, systemic CT does not provide an improve-ment on survival in PC from gastric origin; the median survival of these patients has been reported as 1-3 mo [69] . The benefit of CRS and HIPEC in PC of gastric cancer is controversial. Glehen et al [70] published the results of 150 patients from 15 centers in 2010. The overall median survival and 5-year overall survival rates were 9.2 mo and 13%, respectively. The only independent prognostic factor was CC score in this retrospective analysis. In 2011, Yang et al [71] performed the first prospective randomized phase Ⅲ clinical trial on CRS and HIPEC in 68 patients with PC from gastric cancer. Median survival was significantly better in the CRS and HIPEC group than the CRS only group (11 mo vs 6.5 mo) with an increase to 13.5 mo after complete CRS. A review of 10 studies including 441 patients who underwent CRS and HIPEC for gastric PC reported an overall median survival of 7 mo which was improved to 15 mo when complete CRS was achieved [68] . Peritoneal lavage followed by intraperitoneal CT was shown to improve 5-year survival in advanced gastric cancer [60] . Recently, three meta-analyses demonstrated the prophylactic effect of HIPEC [72] [73] [74] .
Regarding the literature, quantitative prognostic factors for PC from gastric cancer are completeness of cytoreduction and presence of ascites. Currently, selected patients with potential complete cytoreduction are considered to benefit from CRS and HIPEC. Eligibility for HIPEC can be determined with laparoscopic staging in patients with PC and peritoneal lavage in advanced gastric cancer.
PERITONEAL CARCINOMATOSIS FROM
SMALL BOWEL ORIGIN
Data about PC from the small bowel is very limited as small bowel adenocarcinoma is a rare diagnosis with a poor median survival ranging from 9 to 20 mo [75] [76] [77] . Approximately 25% of the patients present with synchronous PC [13] . After palliative treatment, median survival was reported as 3.1 mo by Sadeghi et al [6] . Chua et al [78] reported median disease free and overall survival rates of 12 mo and 25 mo in 7 patients who underwent complete CRS and HIPEC or early postoperative intraperitoneal chemotherapy. Despite a limited number of patients they concluded that cases with signet-cell morphology, lymphovascular invasion and poor differentiation had worse oncologic outcomes, where lymph node metastasis did not influence survival. Other results from Marchettini et al [79] and Jacks et al [80] showed improved median survival with CRS and intraperitoneal chemotherapy (12 mo and 30.1 mo, respectively). Complete CRS and HIPEC can be an option for these patients, however large series and randomized trials are needed.
CONCLUSION
Peritoneal carcinomatosis is a potentially curable disease with CRS and HIPEC. The proper indications of the treatment and patient selection directly influence the oncologic outcomes. Regardless of origin, some factors such as patient performance, tumor burden, extra-abdominal metastases and completeness of CRS should be considered carefully to achieve good outcomes, minimal mortality and morbidity. In conclusion, these procedure have promising results with early diagnosis and proper patient selection when performed in experienced centers.
